Abstract Deletions of the SHOX gene (Xp22-Yp11.3) are associated with Leri-Weill dyschondrosteosys (LWD) and idiopathic short stature. It has been estimated that SHOX deletions occur in 1,000-2,000 individuals in the total population, suggesting that this alteration should be investigated in all cases with unexplained short stature. SHOX deletions are currently investigated using fluorescence in situ hybridization (FISH) or molecular analysis of intragenic CA repeats. However, both techniques show some limitations. In the present study, the use of the multiple ligation probe amplification (MLPA) assay for the identification and characterization of SHOX deletions in 15 LWD patients, 3 of which carriers of chromosome abnormalities involving the SHOX gene, is reported. MLPA analysis demonstrated the heterozygous deletion of SHOX in seven patients (46.6%), disclosing the presence of two different proximal breakpoints. In patients with abnormal karyotype, MLPA analysis was able to identify the chromosomal rearrangement, showing, in addition to the SHOX deletions, the gain or loss of other genes mapped on the Xand Y chromosomes. Since MLPA analysis can be carried out on a simple buccal swab, avoiding invasive peripheral blood collection, this technique represents a fast, simple and high throughput approach in the screening of SHOX deletions, able to provide more information as compared to FISH and microsatellite analysis.
Introduction
The human short stature homeoboX-containing gene (SHOX ) is located in the pseudoautosomal region (PAR1) of sex chromosomes at Xp22.3-Yp11.3 (Rao et al. 1997; Ellison et al. 1997) . SHOX is composed of 6 exons spanning 35 Kb, and produces 2 alternatively spliced mRNA forms encoding for 2 transcription factors (SHOXa and SHOXb) of 292 and 225 amino acids, respectively (Rao et al. 1997 (Rao et al. , 2001 ).
Haploinsufficiency of the SHOX gene was originally associated with short stature in Turner syndrome and in some cases of idiopathic growth retardation (Rao et al. 1997; Ellison et al. 1997 ). Subsequently, SHOX mutations were correlated with mesomelic short stature and Madelung deformity in the Leri-Weill dyschondrosteosys (LWD) (OMIM #127300) (Belin et al. 1998; Shears et al. 1998) . Different reports have demonstrated that SHOX mutations are detectable in 50-90% of patients with LWD (Blaschke and Rappold 2006; Ross et al. 2001; Cormier-Daire et al. 2001; Falcinelli et al. 2002; Flanagan 2002) and in 2-12% of patients with idiopathic short stature Stuppia et al. 2003; Morizio et al. 2003; Binder et al. 2003) . About 80% of SHOX mutations are complete gene deletions, whereas diverse point mutations account for the remaining cases (Ross 2001; .
In a proportion of cases, SHOX deletions derive from chromosomal rearrangements involving the PAR1 (Calabrese et al. 1999; Palka et al. 2000; Rehiner et al. 2001; Shago et al. 2002; Doherty et al. 2003; Borie et al. 2004; Kokalj-Vokac ey al. 2004; Fukami et al. 2005) . The characterization of these rearrangements is of crucial importance, since the involvement in the rearrangement of other genes mapped on sex chromosomes can produce additional clinical features, mainly resembling Turner syndrome (Palka et al. 2000) .
SHOX deletions are usually detected by fluorescence in situ hybridization (FISH) or molecular analysis of intragenic CA repeats. However, neither technique is able to provide a clearcut identification of the deletion breakpoints nor to disclose the involvement of other genes in the rearrangement.
In recent years, the multiple ligation probe amplification (MLPA) technique (Schouten et al. 2002; Sellner and Taylor 2004) has been demonstrated as a useful tool in the detection and characterization of deletions or duplications of several genes, such as BRCA1 (Hogervorst et al. 2003) , DMD (Gatta et al. 2005) , PMP22 (Slater et al. 2004) , and others. This approach, based on the simultaneous hybridization of different probes followed by a multiplex PCR amplification, allows the establishment of the copy number of the target gene(s) and of several control genes.
Here, we report on the use of the MLPA assay in 15 LWD patients for the detection of SHOX deletions, the identification of break points, and the characterization of the rearrangements.
Materials and methods

Patients
Fifteen patients, 11 females and 4 males, averaging 13 years (range 7-34 years) entered this study (patients 1-15). Clinical, cytogenetics and molecular features of nine of these patients had been previously reported (Calabrese et al. 1999; Palka et al. 2000; Stuppia et al. 2003; Morizio et al. 2003) . All patients had typical LWD, diagnosed on the basis of previously reported criteria (Palka et al. 2000) , except patient 3, who also showed features of Turner Syndrome. Twelve patients had normal karyotype (patients 4-15) and three (patients 1-3) had an abnormal karyotype consisting, in patients 1-2, a mother and her son, of a t(X; Y)(p22.3; q11), and in patient 3 of a 46, X, i(Xq). These latter cases with abnormal karyotype were included in the study in order to verify the ability of the MLPA approach to also detect, in addition to the SHOX gene loss, the presence of other alterations, and to correctly identify the chromosome rearrangement.
FISH, with the 34F5 SHOX specific probe (gift of Dr. Gudrun Rappold), had been performed in 9 out of the 15 patients, 7 with normal karyotype (patients 4-5, 8-12) and 2 with the t(X; Y)(p22.3; q11). Deletion of one copy of SHOX was detected in 4 cases (patients 1-2, 4-5).
MLPA analysis DNA of the 15 LWD patients and of 10 healthy controls (5 males and 5 females) was obtained from peripheral blood cells using standard procedures, or from buccal swabs using the MasterAmp Buccal Swab kit (Epicentre, Madison, USA). MLPA analysis was carried out using the SALSA P018 SHOX MLPA Kit (MRC Holland, Amsterdam, The Netherlands), containing 13 probes specific for the PAR 1, and 29 control probes, which are simultaneously used in a single reaction. Two of the PAR1 specific probes (PR48 and LOC159015) are telomeric to SHOX (probes 1-2), eight are specific for SHOX gene (probes 3-10), and three (CSF2RA, IL3RA and ASMT) are proximal to SHOX (probes 11-13). Twelve out of the 29 control probes are specific for sex chromosomes, namely 3 probes for OA1 gene (Xp22.3), 1 probe each for genes PPEF1 (Xp22), AR (Xq11-q12), PDCD8 (Xq25), L1CAM (Xq28), SYBL1 (PAR 2), SRY (Yp11.3), UTY (Yq11) and SMCY (Yq11), and 1 further control probe for the X chromosome. The remaining 17 probes are specific for autosomal loci. MLPA reaction were carried out according to the manufacturer's recom-mendations. All samples were run using a 310 ABI PRISM Genetic Analyzer and analyzed by the GeneScan 2.1 Software (Applied Biosystems). For each sample, relative peaks area was calculated and compared to five sex-matched controls using the Coffalyser 1.4 software (MRC Holland). This program identifies a peak as normal when showing a 0.7-1.3 ratio with normal controls, deleted when showing a ratio <0.7 and duplicated when showing a ratio >1.3. In male patients, hemizygous deletions of X-and Y-specific sequences result in the absence of the relative peaks.
Results
Multiple ligation probe amplification analysis demonstrated the heterozygous deletion of the SHOX gene in 7 out of the 15 (46.6%) LWD patients (patients 1-7), showing all the peaks specific for SHOX exons at a ratio <0.7 as compared to normal controls. Based on the results shown by the other PAR1 specific probes, two different size deletions were detected. In fact, five cases (patients 1-3, 6-7) showed a deletion encompassing the PAR1 probes 1-13, mapping the proximal breakpoint between ASMT and SRY genes in the male patients, and between ASMT and OA1 genes in female patients. In the remaining two cases (patients 4-5), MLPA showed the deletion of probes 1-10, with proximal breakpoint between SHOX and CSF2RA. Due to the lack of a specific p-tel probe in the kit, it was not possible to identify whether these rearrangements were terminal deletions or interstitial deletions with telomeric breakpoint between p-tel and PR48 (Fig. 1) .
In three cases (patients 1-3), all carriers of chromosomal abnormalities, MLPA analysis also showed, in addition to the deletion of the PAR1 sequences, the involvement of other Xor Y chromosome regions. One female LWD patient (patient 1) showed a duplication of SYBL1 (PAR2) and the presence of the Y-specific SMCY gene, indicating the presence of three copies of the PAR2 and of material from Yq including SMCY gene. The son of this patient (patient 2) showed a duplication of SYBL1 and SMCY signals, with size peaks indicating the presence of a single copy of the other Y-specific sequences (SRY and UTY) and of all the X-specific sequences. These results agree with cytogenetic data showing a der (X) chromosome in both patients, with the second sex chromosome being an X in the mother and a Y in the son. MLPA analysis also allowed the mapping of the break on the Y chromosome between UTY and SMCY genes, the latter being present on the der (X). In patient 3, a carrier of an i(Xq), MLPA analysis showed the heterozygous deletion of the entire PAR1 and of all the Xp specific regions, with duplication of the PAR2 and of all Xq specific sequences. These results demonstrated the presence in the patients of a single copy of Xp, with three copies of Xq, typical of an i(Xq). All the obtained results were identical in peripheral blood samples and in those obtained by buccal swab.
Detailed results of MLPA analysis are reported in Table 1 and Fig. 2 .
Discussion
Deletions of the PAR1 encompassing SHOX gene have been mainly reported in patients with LWD or with idiopathic short stature. Based on the prevalence of SHOX deletions in patients with idiopathic short stature, it has been estimated that this alteration occurs in 1,000-2,000 individuals in the total population Binder et al. 2003) . Due to this high prevalence, it has been suggested that SHOX deletions should be investigated in all children with unexplained short stature, since patients with SHOX haploinsufficiency could benefit from early GH treatment (Binder et al. 2000) . However, the approach to be used for such a screening is still under debate. Cytogenetic analysis is useful for the identification of large chromosomal rearrangements involving the PAR1 (Palka et al. 2000) , but cannot detect small intragenic deletions. FISH analysis is also able to identify SHOX deletions on interphase nuclei from a blood-smear , but is a low throughput technique requiring a specific probe not commercially available. Finally, microsatellite analysis requires DNA from the proband's parents and cannot disclose large chromosomal rearrangements underlying SHOX deletion. Very recently, a quantitative Real-Time PCR assay for the detection of SHOX haploinsufficiency has been described, confirming the necessity of alternative approaches for the study of this gene (Tan and Loke 2005) .
In the present study, we investigated the usefulness of the MLPA assay for the identification and characterization of SHOX deletions in LWD patients both those with normal karyotype and carriers of chromosomal rearrangements. In patients with normal karyotype, MLPA was able to confirm all SHOX deletions previously detected by FISH and to also disclose deletions in two patients not previously analyzed. In addition, this approach provided more information about the size and the breakpoints of the deletions. In fact, in our series, MLPA analysis showed two different proximal breakpoints, the first one mapped between SHOX and CSF2RA, and the second one between ASMT and OA1 in females and between ASMT1 and SRY in males. Both deletions caused the loss of the A previous study investigating the breakpoints localization in SHOX deletions mapped, in 73% of cases, the proximal breakpoint less than 100 kb to SHOX (Schneider et al. 2005 ). This hotspot is located between SHOX and CSF2RA, where MLPA analysis mapped the proximal breakpoint in two patients of our series. Larger deletions, with proximal breakpoints mapped more than 2 Mb to SHOX, were detected by Schneider et al. (2005) in a minority of the investigated cases. These proximal breakpoints correspond to those mapped between ASMT and OA1 in the other patients of our series. In a very recent report, Zinn et al. (2006) described an additional hotspot for PAR1 deletion about 1,200 kb to SHOX. Due to the lack of probes mapped between SHOX and CSF2RA in the MLPA kit, it is not possible to precisely identify this breakpoint in our series. However, the two deletions removing probes 1-10 could have their proximal breakpoint located in the region indicated by Zinn et al. (2006) . Thus, MLPA results are in agreement with literature data concerning the presence of different proximal breakpoints in SHOX deletions, although the specific localization of these breakpoints has been recently discussed (Benito-Sanz et al. 2006 ). As to the distal breakpoint, the absence of a specific telomeric probe within the MLPA kit did not allow the discrimination of terminal from interstitial deletions in our series.
Multiple ligation probe amplification analysis was very informative in the study of three LWD patients' carriers of chromosomal rearrangements. In fact, in two patients with a t(X,Y), MLPA was able to identify the chromosomal rearrangement and to refine the deletion breakpoints on both the X and Y chromosomes. Also, in the analysis of the patient with the i(Xq), MLPA confirmed the cytogenetic result, showing the presence of a single copy of all Xp specific sequences and three copies of all Xq specific sequences. These results demonstrate that MLPA analysis is not only able to detect SHOX deletions, but also to disclose the presence of large chromosomal rearrangements involving sex chromosomes and to correctly identify the breakpoints.
In conclusion, MLPA analysis represents a simple, rapid and sensible tool for the detection of SHOX deletions. This analysis could be used for large scale screening of SHOX deletions since it can be performed on a simple buccal swab, avoiding invasive peripheral blood collection. Compared to FISH, MLPA is a high throughput analysis, allowing the simultaneous study of several samples in the same experiment and the investigation of different genes in each sample. Compared to microsatellite analysis, MLPA can also be carried out without DNA samples of the probands' parents, and, furthermore, provides information about the deletion breakpoints and the presence of chromosomal rearrangements involving other X and Y chromosome specific sequences, which can produce clinical features additional to the typical LWD phenotype.
